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As a model of the current accelerated expansion of the universe, we consider a model of the scalar- 
Einstein-Gauss-Bonnet gravity. This model includes the propagating scalar modes, which might give 
a large correction to the Newton law. In order to avoid this problem, we propose an extension of 
the Chameleon mechanism where the scalar mode becomes massive due to the coupling with the 
Gauss-Bonnet term. Since the Gauss-Bonnet invariant does not vanish near the earth or in the Solar 
System, even in the vacuum, the scalar mode is massive even in the vacuum and the correction to 
the Newton law could be small. We also discuss about the possibility that the model could describe 
simultaneously the inflation in the early universe, in addition to the current accelerated expansion. 
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We now believe the accelerated expansion of the current universe 

UMM (for recent reviews, see iaaai). one 

scenario to explain the accelerated expansion is to introduce unknown matter/energy called dark energy. Another 
' scenario is to modify the Einstein gravity. As a scenario of modified gravities, there have been proposed many kinds of 
models, like F(i?)-gravity (for review, [3,[3|), and the scalar-Einstein-Gauss-Bonnet gravity f§]. There are other many 
' i_( 'i: kinds of scenarios, like a non- linear higher-derivative one phantom coupled to dark matter with an appropriate 
coupling the thermodynamical inhomogeneous dark energy model multiple kinetic k-essence multi-field 
models (two scalar fields model [l^. [isl. [la| . "quintom" consisting of phantom and canonical scalar fields [l3|), and 
the description of those models through the Parameterized Post-Friedmann approach fl§\, a classical Dirac field [l9| . 
f~| ', string- inspired models [2(i|, non-local gravity [2ll. [2^. and a model in loop quantum cosmology [24] (for a detailed 
review, see 0|). 

I ] Many of these models commonly include the propagating scalar modes, which might give a large correction to the 
■ Newton law. In order to avoid this problem, a scenario called Chameleon mechanism has been proposed In the 
' scenario, the mass of the scalar mode becomes large due to the coupling with matter or scalar curvature in the Solar 
\G . System or on and/or in the earth and the correction to the Newton law becomes very small and cannot be observed. 
CO • The Chameleon mechanism has been used to obtain realistic models of i^(i?)-gravity [1^ (for some related models, 
' see flS, US])- In this paper, we propose a model where the scalar mode becomes massive due to the coupling with 
' the Gauss-Bonnet term. In the previous scenarios, where the scalar mode becomes massive due to the coupling with 
matter or the scalar curvature, if we observe the scalar mode in the vacuum chamber, where any matter does not exist 
inside and therefore the scalar curvature vanishes, the mass of the scalar mode becomes very small and the correction 
to the Newton law could be observed, even on the earth. We should note that the scalar curvature and the Ricci 
tensor vanish in the vacuum but the Riemann tensor and therefore the Gauss-Bonnet invariant do not vanish near the 
earth or in the Solar System, even in the vacuum. Therefore in the scenario proposed in this note, the scalar mode is 
, ■ , massive even in the vacuum and the correction to the Newton law could be small. 

' In the model proposed in this paper, there is a de Sitter solution, where the effective cosmological constant could be 
the order of the dark energy density observed in the present universe. In order to generate such a very small effective 
cosmological constant, which is the order of the square of the present Hubble constant, we need not so small mass 
scale in the action. The action only contains the scales of the order of the Planck scale and the elementary particle 
scale with the order of 10'' GeV. We also show that the de Sitter solution is semi-stable, that is, the model has an 
instability of only the order much larger than that of the age of the universe. 

If we properly choose the parameters in the action, there appear two de Sitter space solutions. One may correspond 
to the current acceleratedly expanding universe. The Hubble rate of another solution can be the order of the Planck 
scale and very large. The solution with the large Hubble rate could be identified to describe the infiation. The solution 
is, however, stable. Then in order to make an exit from the infiation, we may add a small term given by another 
scalar field coupled with the scalar curvature, which could be equivalent to the non-local action |i21|,i22] and generates 
the instability of the de Sitter solution. The added term is relevant only in the epoch of the infiation but irrelevant 
to the present accelerating universe. 
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II. MODEL OF ACCELERATED EXPANSION AND COMPTON LENGTH OF SCALAR FIELD 



We start with the following general action of the Gauss-Bonnet gravity coupled with scalar field 

n 1 



S = / (Tx 



Here TZqb is the Gauss-Bonnet invariant defined by 



7^GB' = - m^^.n^" + n^^.p^n^^p" . (2) 

In 1(1]), K is the gravitational constant, V{(f)) is the potential of the scalar field 0, and /(</)) is an appropriate function of 
the scalar field, which gives the coupling of the scalar field 4> with the Gauss-Bonnet invariant. The matter fields are 
denoted by ^/'matter ^"^^ we assume the scalar field (j) couples with the matter via metric tensor: g^^l = e^^^'^^^'-^'-g^i,. 
We should note that -Cmattcr (^V'mLton 5m"^) is the matter Lagrangian density (pseudo scalar). 
By the variation of the scalar field, we obtain 

V^V^0 = y'(</>) + /'(</>)7^GB' + V ^e2ft*/^^-g^,T(')^'' . (3) 

IVIpi 

i 

Here 

On the other hand, the variation of the metric tensor gives 

= (n^. - i7^5p.) + ^v^^v,^ - i<?^, (Vpcj^vy + vm - 2 [v^v,/((/.)] 7^ 

+4 [V^V,/(0)] nf + 4 [V,Vp/(0)] V - [Vp V/l^)] (47^^. - 27^5^,) 

-4 [V,V,/(0)] (7^'"^5M. - V^') + ■ (5) 

Especially if (p is constant and the spacetime is de Sitter space, where curvatures are (covariantly) constant, and if we 
neglect the contribution from the matter, Eqs(l3]) and ([5]) has the following form: 

- V^'((/)) + /'(0)7^GB' , (6) 

'''' ' - ^TZgp,^ - \9^..V{ct>) . (7) 

The second equation ([7]) is not changed from the Einstein equation since J{(I))TZq-^ term becomes total derivative for 
constant (j). 

In order to explain the idea of the Chameleon mechanism in the scalar-Einstein-Gauss-Bonnet gravity. We now 
consider the following model as an instructive example: 

V{(t)) = vo Mpf+'' e-"-^/*^^' , = fo e^-^/^^f"' . (8) 

Here Mpi is the Planck scale and a, n, vq, fo are positive dimensionless parameters. Then in the model ([8]), there is 
only one dimensional parameter, the Planck scale Mpi. As we will see later, however, we need to choose a > 10^^ so 
that the correction to the Newton law could be small. We may regard L = Mpi/a, which appears in the exponential 
function in |[8]), with another scale. We find L — Mpi/a ~ 10^ GeV, which could correspond to the scale of particle 
physics and the scale is not so small compared with the typical scale of the current accelerated expansion. Although 
the model ^ does not contain so small parameter, the very small scale corresponding to the value of the present 
Hubble rate Hg ~ 10~^'^eV can be generated dynamically. We should note that the model ((HI is not the completely 
consistent model as we will see later but it could be enough to explain the idea of the Gauss-Bonnet Chameleon 
mechanism. 

In the following, for the usefulness of the calculations, we define the following dimensionless variables: 

if = 4>/Mp, , h = H/Mpi , :^gb' = no^VMpt . (9) 



3 



By using these variables, the equation corresponding to the FRW equation, which is (/i, v) = (0,0) component of |(5|), 
is given by 



1 



(10) 



On the other hand, the equation for the scalar field ([3]) is given by 

Q = ^" -v^ah-^ (^l + ^^^-»e-"^ + 24/oa(^l + ^^/^2^"^ ^^^^ 

Here we denote the derivative with respect to Ina by ' as c?/(i(lna) = i?^^ d/dt. 

We now investigate if we can have a de Sitter space solution, corresponding to the present accelerating universe by 
solving (flOl) and ifTTj) . Since we have /i' = in de Sitter space, by assuming the scalar field to be a constant: ip' — 0, 
Eq. l|10p has the following form: 



3 = Wo h^' e 



On the other hand, Eq.((TT|) is reduced to be 



= -Vo h-^(l + — ) (fi-" e-°"^ + 24 fo e"'^ 



(12) 



(13) 



The present value of the Hubble rate Hq ~ 10 eV corresponds to ho ^10 . If the Hubble rate is given by this 
value ho ~ 10"^", we find n <^ aipo- Then we can solve lfT2|) and lfT3| with respect to (po, vo as follows, 

-2^ 
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8/o U ""s/oV 



(14) 
(15) 



If we define Vb as Vq = t^o Mpi Vq has a mass dimension 4 + n. Then we may define the mass scale corresponding 



to Vohy M = Vo^/(''+") = ?;o^/(4+") Mpi. Then we find 



M ~ Mpi 



— (-] ^ 

3/o V" '"s/oV 



l/(4+n) 



(16) 



Then when n ~ 0, the magnitude of M is almost equal to that of the Planck scale Mpi. We have found that the scale 
of M, which appear in the potential of the scalar field (j), could be the order of the Planck scale although the small 
scale corresponding to the Hubble rate of the present universe. In the following, we investigate how the parameter 
could be restricted by the condition that the correction to the Newton law should be small. 

Since the action ^ contains the scalar field (p, if the scalar field couples with the matter, the propagation of (f) 
generates the correction to the Newton law. The strength of the coupling could be the order of the inverse of the 
Planck scale Mp\ and therefore rather small but if the mass of (j) is small, the correction could be the same order of 
the Newtonian force and cannot be neglected. In the bulk of the universe, the mass could be the order of the present 
Hubble rate Ho ^ lO^'^^eV and very small. For scalar-tensor theories, in order to avoid this problem, the so-called 
Chameleon mechanism is proposed [23|, where the mass of the scalar field could depend on the matter density or 
scalar curvature. The mass of becomes much larger in the solar system or on the earth than in the bulk of the 
universe and the correction to the Newton law could become negligible. Here, we propose another kind of Chameleon 
mechanism, where the coupling of the scalar field with the Gauss-Bonnet invariant makes the mass larger in the solar 
system or on the earth. 

We now investigate how the Chameleon mechanism could work in this model and how restrict the magnitude of 
the mass scale L = Mpi/a. We now check how the correction to the Newton law could be suppressed on the earth. 
Even in the solar system, the correction could be also suppressed. On the earth, the equation of the scalar field ^ 
has the following form: 



= -1^0 ( 1 + — ) ^-''^ e-"-^ + fo e""^ 7^GB' 



(17) 
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Since we have TZq^ 10 on the earth, we find n ^ aip-E and we can approximate (fT7|) as follows: 
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\2aipE foU 



GB 
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(18) 



Since the second term in (flSl) is much smaller than the first term, we obtain the following expression in the mass of 
the scalar field: 



1^ 

2 del) 

Mpi a -{vq 
Mpia 



2 (^^(0) + /(<^)7^GB) 



1/2 



n n{n + 1) 



1/4 



1/2 



2a /o7^GB2 



By using this equation (fT9|) and ifTSj) . we find 



Mpia ( ^:^gb' 



1/4 



In 



1 



In- 



/o7^GB2 



n/4 



Since In 



64/o2/io-* , 



In 



0(1), the n-dependence of the mass is small and we find 
- a X 10~^^eV . 



(19) 



(20) 



(21) 



In order that the correction to the Newton law could be small, the Compton length of the scalar field, which is the 
inverse of the mass of the scalar field, should be smaller than 1mm (or l^m), which corresponds to ~ 10~'^eV 
(or TO0 ~ leV). Then we find a > 10^^ (or a > 10^*) and L = Mpi/a - lO'' GeV (or lOGeV). Then we obtain a 
model, where appearing a very small scale corresponding to the scale of the acceleration of the present universe or i?o 
and the correction to the Newton law could be small. More detailed analysis will be given in SeclIVI 

In the Chameleon mechanism for the scalar-tensor theory [IBl, if we observe the scalar mode in the vacuum chamber, 
where any matter does not exist inside and therefore the scalar curvature vanishes, the mass of the scalar mode becomes 
very small and the correction to the Newton law could be observed, even on the earth. We should note that the scalar 
curvature and the Ricci tensor vanish in the vacuum but the Riemann tensor and therefore the Gauss-Bonnet invariant 
do not vanish near the earth or in the Solar System, even in the vacuum. Therefore in the scenario proposed here, 
the scalar mode is massive even in the vacuum and the correction to the Newton law could be small. 



III. (IN)STABILITY OF DE SITTER SOLUTION AND INFLATION 



We now consider the case that there appear another de Sitter space solution beside the solution corresponding to 
the present asymptotically de Sitter space in lfT4|) . In case such a de Sitter solution exists, the solution may describe 
the infiation in the early universe although the previous solution given by lfT4|) and ifTSj) describes the acceleration of 
the present universe. 

By deleting h from Eqs. lfT2|) and l|13p . we obtain an equation for Lp: 



n 

aLp J 



8 



(22) 



Then if < n < 1, there are two solutions. One solution, which is denoted by (/Sq, corresponds to the previous one in 
(fT4l) and lfT5|l . We denote another solution by (/7i. If n ~ 0, we obtain 



H-nln(^i, -/o-wo — l + ri 



In I - In ■ ^ 
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(23) 
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(24) 
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Since the second term in (|24l) is much smaller than the first term, we obtain the following expression of the Hubble 
rate H: 



1 



1/2 



hi ~ — — cxp < —2 In 



In- 



1 



In In 
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(25) 



which gives hi ~ 0.3 independent from a and n, and therefore hi could be almost the Planck scale. Therefore hi may 
correspond to the large Hubble rate corresponding to the inflation of the early universe. We should also note that 
ipi although (/?o ^ 1- 

Now we consider the case n ~ 1. Then we find n ^ aipi and Eq. l(22|l can be solved with respect to i^i as 



/Of \ -1/(1-") 

f 8foVoa\ 



\ 3n 



1 



a 1 n \ S/oW 
1 



1 + rt In 



-1/(1-") 



a 



■ exp < — 1 



1 — n 



In In 



Then the Hubble rate is given by 



1/2 



8/o V 



In In 



In- 



8/oW 



In- 



(26) 



(27) 



Since ho ~ 10^^", hi diverges when n ^ 1. Then if we fine-tune the value of n, we may obtain the large Hubble rate 
corresponding to the infiation. 

We now investigate the instability of the de Sitter solution. We consider the perturbation around the de Sitter 
solution as 



Lp = ipi + Sip , h — hi + Sh (i — 0,1) 

Then Eq. (fTO|) has the following form: 

3 = «o /irVr"e-"'^ 

and Eq. (fTT|) gives 

= Sip" + 3 Sip' 



aipi 



+ 24foah.?e°"^^ Sip' 



(28) 



(29) 



-voahi 



aipi 



^r"e-"^-|l-2|^-a 



1 + 



aipi o?ip} 



aipi 



Sip 



+24foah.?e^^' fl + ^ + 2^ + a5^ 
\ hi hi 

Since ipi and hi satisfy Eqs. (fT2| and ifT3|l . Eq. (|29|) can be rewritten as 



= 2 



Sh 
hi 



a 1 



aipi 



{Sp>' - S^) 



and Eq. (|30l) has the following form: 



Q = Sip" + i5ip' + 2,a[ 1 + Ml-+4i-+a 



aipi 



Sh' 



Sh 



aipi d^ip} 



1 



OLipi 



Sip . 



By using Eqs. l(3T|) and (|32l) and deleting Sh and Sh' , we obtain the linear differential equation: 

-1 



= V' + 3V-3a^ 



n n{n — 1) 

aipi 



a^ip? 







\ 2n 












aipi J 



Sip 



(30) 



(31) 



(32) 



(33) 
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We now assume 5(pcx e^-^'"°. Then we find 



A,, = XI 



3 3 
2 2 



n n(n — 1) 

+ ^ ^ 

a(pi 



■a' 1 



n 



(34) 



If the real part of is positive, the perturbation becomes large, which tells that the solution is unstable. Since A~ 
in l(34|) is always negative, we now investigate A^. 

In the de Sitter solution (po and ho corresponding to the present universe in lfT4l) or (fT5|) , if we assume a » 1 , by 
using lfT4|). we find 



Aq — 77 71 ( In 



1 



8/o V 



(35) 



which is negative and therefore the solution is unstable. The instability is, however, very small. In fact, the variation 
of the scale factor a, which becomes larger by e-times, is given by 



7V = In 



ai 



4.1 X 10^ 



(36) 



which corresponds to 6 x 10^/nGyr and very large if we use the value of the Hubble rate in the present universe. 
Then the de Sitter universe solution corresponding to the present universe could be almost stable. 
On the other hand, for another de Sitter solution ipi and hi in l(24|). when n '--^ 0, we find 



Ai 



■ n < In 



In- 



1 



8/o V 



In In 



1 



When n ^ 1, since n » aipi, we find 



Ai 



In 



(1-n) 



In- 



1 



8/o V 



In In 



1 



Sfoho 



1 



(37) 



(38) 



In both of cases n ~ and rt ^ 1, Ai is always positive and de Sitter solution is always stable. 

Since the Hubble rate hi is large and the Planck scale in the solution l(24|) . the solution might describe the infiation. 
As we have seen in l(37|) or (|38|) . however, the solution is stable and therefore the infiation could be eternal. In order to 
make an exit from the infiation, we may add the following term with scalar field ( coupled with the scalar curvature, 
to the action ([1]): 



A5' = 



Here c is a constant. By the variation with respect C, we obtain 

□C + c7^ = . 

or C = —cd^^TZ. Therefore the action (|39| is equivalent to the non-local action: 



(39) 



(40) 



(41) 



Note that similar non-local action for GB invariant leads to one (several) scalar-Gauss-Bonnet gravity (see (23|). In 
the FRW universe, if we assume ( only depends on t or In a, Eq. (|40|) has the following form: 



o = c" 



h'\ , fh' 



(42) 



We assume that AS" could be very small at the beginning of the universe. Then we now consider the time-development 
of C in the de Sitter background. In the de Sitter space, where TZ = 12Hf {Hi = hiMp\), ( can be solved as 



C = 4clna - da ^ + (2 



(43) 
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Here Ci and C2 are constants of the integration. Eg . (1431) tells that C becomes larger by the expansion of the uni- 
verse. Then the magnitude of AS* in (|39l) could become larger and dominant. When AS* is dominant, the equation 
corresponding to the FRW equation has the following form: 



4 = iC f - 12cC' - 12cC . (44) 



If we change the variable C to 77 as 



Eq.l(44| can be rewritten as 



which can be solved and we find 



C = -3c+^ + ^(.-6cf , (45) 

{r] — 6c) T]' — 6c77 , (46) 

In — = In a or = . (47) 

6c 770 

Here 770 is a constant of the integration. Eq. l|47p has two branches, that is, a value of In a corresponds to two values 
of 77. If we assume the first term in the solution in (|47| dominates for large a, by using (|45l) . we find 

■q - 6clna . (48) 

Then by solving l(42|) with respect to h, we find h cx a^'^ or a cx t^^"^. On the other hand, if the second term in i(47|) 
dominates, we find 7; ^ 0, which corresponds to the second solution 77 = in (|47|) . In this case, we find h ~ or 
^1/2. In any case, the Hubble rate H is proportional to 1/t and therefore TZ is proportional to Then the 

curvature becomes smaller and the de Sitter phase or inflation will stop. Typically the de Sitter phase could stop 
when the order of magnitude of AS* becomes that of the Einstein-Hilbert action, that is, typically TZ/2n'^ ^ cCTZ. By 
using (|43|) . we find cC ~ ~ Mpi. Then from l(43|) . we find that the sufficiently large e-folding as 50-60 could 

be obtained if Mpi/c ~ 20. When AS' dominates, TZ behaves as and therefore 7?.gb ~ T^gb/^^ with a constant 
7?.QB. The value of the scalar field is given by the minimum of the effective potential V{4>) + /(</>) T^gb, that is 

f(6) 

= V'icj^) + /'(0) Hob' - F(<^) + , (49) 



which could be solved, by using as 



^'in— . (50) 



OL Ml 



PI 



Then the value of <^ becomes larger and therefore the value of the (effective) potential becomes smaller, which may 
generate the reheating and there could occur the particle production by the oscillation of <^ around the minimum 
of the effective potential. Then universe may go into the matter dominated phase. Even in the matter dominated 
phase, the scalar curvature TZ is proportional to Xjt^ and therefore the value of the scalar field becomes larger and 
larger and finally the de Sitter solution with the small Hubble rate corresponding to l|14p could be realized and the 
accelerating expansion of the present universe could occur. For more quantitative arguments, we may need numerical 
calculations, which could be a future work. 

Let the value of C = Co in the present universe. By writing C as C = Co + (5^ the action in the present universe has 
the following form: 

Stotai = y d^x^—g I ^^—2 "^^0^ ~ 2^tJ.SCd'^^C + cS(TZ + 4> and Gauss-Bonnet termsj' . (51) 
Then we may identify the present gravitational coupling Kproscnt as 



1 1 



2^prcsont 



77-5 + cCo . (52) 



If we choose the parameter as before 1/cKproscnt ^ C'(IO), the time-development of the scalar field C is very small 
since the value of 0(10)) of the e-folding corresponding to about one hundred of billion years. Then different from 
the case of the time-development of C in the inffation of the early universe, the time-development of C in the present 
universe is very slow and asymptotic de Sitter universe will continue about one hundred of billion years. 
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IV. EOTVOS EXPERIMENT AND CORRECTION TO NEWTON LAW 



We now investigate if the model could satisfy the constraint from Eotv 6s experiment and the Newton law. Although 
the correction coming from the scalar field could be small since the mass m of the scalar field can be large, the point 
source shifts the magnitude of the Gauss-Bonnet invariant. Since the scalar field (j) coupled with the Gauss-Bonnet 
invariant, the scalar field 4> itself could be shifted and another correction to the Newton law could be generated. 

First we mention about Eotvos experiment. Since the Gauss-Bonnet invariant TZgb slowly changes with the radius 
coordinate r compared with the mass m of the scalar field (j), \dlnTZQB / dr\ <C m, we can neglect the term coming 
kinetic term in the scalar field equation ^ and the radius r dependence of (p could be determined by the minimum 
of the effective potential Voff = V{(l)) + f{(f>)'JlGB{r)'^- 



= V (cbir)) + f (0(r))7^GB®(r)^ 



(53) 



If we assume the strength of the coupling of (j) with matter of kind i is given by /3i/Mpi, the magnitude of the force 
Fi coming from the scalar field could be given by 



F,. 



(3,M, d(f>„ 



M, 



PI 



dr 



r=Ra 



We now define the Eotvos parameter rj by 

\ai - a2\ 



8^|/?l-/32|Mpiflg 
Mm 



dr 



(54) 



(55) 



Here M© is the mass of the earth. 

Before investigating how the model ^ can satisfy the constraint for the Eotvos parameter r) from the experiment, 
we consider how we should investigate the correction to the Newton law between the two massive point particles on 
the earth. The correction can be found by considering the fiuctuation (50 of around the background value i^© of the 
scalar field 6: 



Here as in |l53l 



could be determined by 



GBg 



(56) 



(57) 



We assume the distance between two particles is sufficiently short compared with the length scale of the earth. Then 
00 could be regarded to be constant. Then TZq^ could be given by the of contributions from the earth and one of 
point particles: 



GBa 



47r2Afpi4r6 

Here r is the distance from the point particle. Then from ([3]), we find 



,4^6 ^.fpj 



An'^M^tr 



<5(3) (r) 



Here the mass m©^ of the scalar field on the earth is given by 

me' = y"(0e) + /"i 



l7^; 



GB® 



(58) 



(59) 



(60) 



Then by assuming is large enough, that is, |(iln7?.GB^/'^?'| ^ ^ti©, we can solve Eq. l(59|) with respect to Scj) as 
follows, 



(r) = 



d^r 

ftM, 
Mpi 
AM, 



3/'(0e)M2 ^ AM, 



47r2Afpi4r6 



M, 



5(3) (r) . 
<5(3) (r) . 



Aur 



Airr 



^(3) (r) 



-m® r- 



Mpi 

3/ (0e)Mf 
47r2Mpi4r6 

in'^Mpi^mfs^r^ 



4tt \r ■ 



d^r- 



Att \r — r' 



(61) 
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Then the potential between the two particles could be given by 

_ /3i/32MiM2 e-"^'- 3f jcj)^) M^M^ (Mi + M2) 
AwMp? r 87r2Mpfme2r6 

Then the ratio between the correction and the Newton force could be given by 

3/' (0e)(Mi + M2) 



a ~ 2/31/326-™®" 



For our model (El), we find 



In 



I In ^ 



(62) 



(63) 



(64) 



Here L = Mpi/a and the mass could be given by 



2nL n{n + l)L 



21 



which can be rewritten, by using (fT6|) . as 



In 



M4 



V2A/ /o7^GB2 



1/2 



7T7^GB' I In 



Mpt 



In- 



1/4 



M, 



1/4 



By assuming that the Gauss-Bonnet invariant could be given by the Schwarzschild metric of the earth, 

3Mffi2 



TeGB^ 



47r2Afpi4r6 ' 



the Eotvos parameter 77 in (|55|) could be given by 



4^|/3i-/32|Afpii?e-^ 

Mm 



(65) 
(66) 

(67) 

(68) 



In order to satisfy the constraint < 10 from the experiment, since Afpi '--^ 102''eV, Af^ ~ 10^°eV, i?^ '--^ lO^^eV ^, 
and |/3i -/32I < 10-^ we find 



L < lOGeV 



(69) 



On the other hand, in the ratio between the correction and the Newton force in l(63|) . the first term could be estimated 
by requiring > IQ-^eV as in l(2T|) and using T^cee IQ-^^eV*, we find 



L < lO^GcV , 

which corresponds to the results after (pT]) . When the second term in l|63p dominates, we obtain 



LAP (Ml + M2) 



GBe 



6/0 



L , A/4 
m ■ 



2Af /o7?-GBe 



1/2 



(70) 



(71) 



In order to satisfy the constraint a < 10 ^ from the experiments, since Mi ~ lO^^'eV and r ~ lO'^eV ^ in the 
experiments, we find the strongest constraint: 



L < lO^^eV when n - 



(72) 



The obtained scale L is much larger than the scale of the Hubble rate in the present universe, Hq ~ 10 ^■^eV but 
much smaller than the Planck scale or the scale of the particle physics. 



10 



We should note that there is one more problem. The effective potential Kff could be estimated to be 



1/eff (</>e) ~ Af, 



PI 



1/2 X 1/2 



A^pi ( 2^gb' ) . (73) 



The effective potential VcS plays the role of the cosmological constant, this gives a contribution to the Gauss-Bonnet 
invariant in addition to the contribution from the Schwarzschild metric of the earth. Then when we include the 
contribution, Eq. l(67l) is replaced by 



7^^„^ nilH L _ ^-^^^ ^ " + 47^^R'' (741 



which tells TZq^ could be negative. When T^gb^ is negative, Eq. l(57l) has no solution. The problem could occur by 
the behavior of f{(j) in our model ([8]). In order to have a solution in ^ or lfT3|) . /(</>) must be large since the curvature 
in the bulk space is very small. In the bulk, the value of (j) is large. In our choice of f{(f>) in ([8]), is still large even 
on the earth, where (j) is smaller than the value in the bulk, and we obtained l(74|) . This problem is also related with 
the strong constraint in (|72l) . In order to solve this problem, we may choose / cx e" " "^"/^^pi with a positive constant 
a^"). In this choice, could become large more rapidly for large 0, which could correspond to the bulk space and 
relatively, /(</>) could become much smaller for the curvature on the earth. 



V. SUMMARY 



We have proposed an extension of the Chameleon mechanism where the scalar mode in the scalar-Einstein-Gauss- 
Bonnet gravity model becomes massive due to the coupling with the Gauss-Bonnet term and therefore the correction 
to the Newton law could be small. Since the Gauss-Bonnet invariant does not vanish near the earth or in the Solar 
System, even in the vacuum, the scalar mode is massive even in the vacuum and the correction to the Newton law 
could be small. We have also discussed about the possibility that the model could describe simultaneously the inflation 
in the early universe, in addition to the current accelerated expansion. 

We have also discussed about the possibility that the model could describe simultaneously the inflation in the early 
universe, in addition to the current accelerated expansion. If we choose < n < 1 in the potential of there appear 
two de Sitter space solutions. In one of the solution, the Hubble rate is the order of the Planck scale and very large. 
The solution with the large Hubble rate could be identifled with the inflation. In order to make an exit from the 
inflation, we may add a small term given by another scalar fleld coupled with the scalar curvature, which could be 
equivalent to the non-local action and generates the instability of the de Sitter solution. The added term is relevant 
only in the epoch of the inflation but irrelevant to the present accelerating universe. The oscillation of the scalar 
fleld may generate the reheating of the universe. In string-inspired gravity with higher order terms there are and 
i?4 terms, etc. coupled with dilaton and/or with other scalars. It would be interesting to estimate the role of such 
higher-order terms to chameleon mechanism. 
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